Abstract: Mesenchymal stem/stromal cells (MSCs) are isolated from most post-natal tissues and are broadly reported to have similar immuno-phenotype, mesenchymal lineage-differentiation potential and bio-distribution in peri-vascular niches. Thus, several stromal substitutes of bone marrow mesenchymal stem cells (BMMSCs) are being considered for regenerative therapy. Wharton's jelly mesenchymal stem cells (WJMSCs) seem to be the most promising alternative because of easy donor accessibility, high proliferative capacity and greater sample to sample identity.
INTRODUCTION
The isolation of multi-potent stromal cells from the bone marrow, by Friedenstein in the 1970, led to keen interest in the field of mesenchymal stem cell biology. This was the first report to show that the mesenchyme of a tissue could harbor mesenchymal progenitor/stem cell properties whose potency can be validated in vitro and in vivo [1] . The therapeutic benefits of BMMSCs is now established in several injury and disease models and preliminary data from clinical trials further confirm these claims [2] . In the recent past, several research groups have also identified mesenchymal stem-like populations from different post-natal and pre-natal tissues exhibiting tri-lineage differentiation potential (into osteogenic, adipogenic and chondrogenic lineages) [3, 4] . These studies promise an easily accessible mesenchymal stem cell alternative to bone marrow. In this context, stem cells isolated from extra-embryonic tissues are of particular interest since they are discarded after birth and would have fewer ethical constraints as compared to BMMSCs.
MSCs are hypo-immunogenic and have been shown to promote regeneration and functional recovery in disease and injury. Key mechanisms in recovery involve immune-modulation and trophic effects. The immune privilege properties of adult MSCs make them good candidates for cell based transplantations in an in vivo allogeneic setting [2, 5] . However, in vitro mixed lymphocyte reactions (MLRs) with fetal mesenchymal stem cells showed immunerecognition unlike BMMSCs [6] . Umbilical cord matrix cells (UCMSCs) are a good peri-natal source of MSCs and their broad immune properties are comparable to BMMSCs [7] . It remains to be analyzed whether they resemble fetal MSCs or adult MSCs with respect to immune-privilege, engraftment and survival under an allogeneic setting. This is of specific relevance because the fetus utilizes unique immune-modulation mechanisms to evade maternal immune surveillance during gestation. This review summarizes the recent developments in Wharton's jelly/Umbilical cord mesenchymal stem cell biology (UCMSCs and WJMSCs are used interchangeably in the manuscript) with specific emphasis on immune properties of WJMSCs in a transplantation environment where inflammation exists. We would debate whether WJMSCs could be considered a replacement to BMMSCs as off-the-shelf therapeutics for transplantation taking into consideration its self-renewal, regenerative and immunomodulatory potential on the whole.
BASIC PROPERTIES OF WJMSCs
To date, BMMSCs have been considered the gold standard in MSC biology. However, the limitations include an invasive isolation procedure and a higher risk of bacterial and viral contamination. In addition, donor age variations amongst samples attribute to differences in the initial yield of isolation and the basic proliferative and differentiation capabilities [8] [9] [10] [11] . These factors can affect reproducibility between different bone marrow isolates.
The Umbilical Cord derivatives offer a good clinical alternative to adult MSCs as they are discarded after birth and thus have fewer ethical constraints. Fetal tissues, being less exposed than other adult tissues, have minimal chances of contamination with viral and bacterial antigens. In addition, donor age variations are minimal with cord derived stromal cells.
MSCs have been isolated from different regions of the cord; cord blood, umbilical cord matrix and the peri-vascular region. Out of these cord derivatives, Umbilical cord matrix or the WJMSCs, which include the inter-vascular and subamniotic matrix cells, offer better clinical utility. The isolation frequency of colony forming unit-fibroblasts (CFUFs) from each cord matrix is extremely high and a delay in processing until 48 hours does not impact isolation, in contrast to cord blood, where a small delay of 5 hours can reduce the isolation efficiency to 60%. Umbilical cord blood derived MSCs are rare and recovery is also highly variable because of inconsistency in initiating cultures and the required expansion time to reach clinical numbers. Human umbilical cord perivascular cells (HUCPVCs) isolated after dissecting out the umbilical vein/arteries, despite having a high proliferative potential, have limited transdifferentiation potential [14, 16, 17] . Also, marker expression, along with differentiation assays indicate that the mesenchyme becomes more differentiated and mature as we move from the sub-amnion region to the perivascular region [14] . Thus, WJMSCs could be a better MSC source than HUPVCs amongst the cord stem cell derivatives.
Both, enzymatic and non-enzymatic methods, have been used to isolate WJMSCs. Irrespective of minor differences in isolation procedures, WJMSCs have been consistently reported to have high ex vivo proliferation index and low population doubling times, which makes them more expandable before reaching senescence [14, [18] [19] [20] . Approximately, 300 fold expansions are reached within 6-7 passages without any sign of abnormal karyotype. Moreover, different isolates are more age-matched [14] . Clinical usage of MSCs requires ample amount of cells at a lower passage to negate out karyotypic instabilities and epigenetic damages, which are predicted, due to replicative aging. WJMSCs show no signs of transformation like loss of anchorage dependence, contact inhibition and serum dependence over several passages [12, 14] . All these attributes make WJMSCs a reproducible source for banking and clinical grade expansion.
STEMNESS AND SELF-RENEWAL OF WJMSCs
WJMSCs are more primitive than their bone marrow counterparts probably due to less temporal separation from fetal tissues at birth and thus might contain resident stem cell populations with enhanced potency. Wharton's jelly is derived from extra-embryonic mesoderm and partly from the embryonic mesoderm [21, 22] . Porcine WJMSCs have been shown to express low levels of pluripotency markers like Oct4A (the Oct4 isoform involved in self-renewal), Nanog, and Sox2 and depict alkaline phophatase positivity [23] . Unlike BMMSCs, they express functional human telomerase reverse transcriptase (hTERT) activity like embryonic stem cells (ESCs), yet the cells are not transformed [14, 24, 25] . In addition, they have a high percentage of Hoesct-excluding cells and show an aldehyde dehydrogenase-positive phenotype as displayed by primitive hematopoietic stem cells (HSCs) [12, 23] .
However, despite these primitive characteristics, no teratoma formation has been reported on transplantation of WJMSCs in several animal models. WJMSCs, interestingly, express a high percentage of tumor suppressor genes as compared to other classes of MSCs [26] . Comparison of transcriptomes of WJMSCs and BMMSCs indicated a substantially higher fold expression of ES cell related pluripotency markers like Nanog, DNMT3B, GARB3, Lin28 and other stemness markers like ABCG2, CD9, KIT etc in WJMSCs [19, 26, 27] . Despite basal level expression of pluripotency markers, high expression of tumor suppressor genes might counterbalance and confer WJMSCs with low propensity to turn neoplastic. In addition, few early lineage markers specifically related to endoderm are upregulated in WJMSCs, both in early and late passages, as compared to BMMSCs [19, 28] . A higher expression of early ectoderm markers were also reported in WJMSCs in this study. It remains to be validated whether these differences in the transcriptome reflect in differential trans-differentiation propensities to endodermal and ectodermal lineages. In general, transcriptome analysis within ESCs, embryonic carcinoma cells (ECCs) and adult MSCs consistently report a higher number and higher expression of stem cell and germ lineage markers [12, 25, 26, 29] . Also, stem cell properties and gene expression signatures are retained in WJMSCs till late passages, as compared to BMMSCs where stark differences in stemness signatures had been reported after 3-5 passages [30] .
WJMSCs are a primitive source of stem cells with stem cell characteristics in between an ESC and a more mature adult stem cell in the developmental hierarchy. However, the stemness of WJMSCs has to be yet proven using clonal in vivo self-renewal and multipotency assays in a similar manner like HSCs to make definitive statements.
STROMAL SUPPORT PROPERTIES OF WJMSCs
WJMSCs provide a supportive stromal niche/microenvironment for several primitive stem cell populations. WJMSCs and conditioned medium from these cells have been used to support human ES and equine ES-like cell colonies [16] . In addition, UCMSCs also provide stromal support to HSCs and spermatogonial stem cells [31, 32] . This could be explained because of a probable migration of these cells along with primordial germ cells and fetal HSCs to the aorta-gonad-mesonephros (AGM) region during development [33] . WJMSCs, like BMMSCs, constitutively secrete hematopoietic cytokines. Co-culture with WJMSCs enhanced the in vivo homing capacity of CD34 + umbilical cord blood (UCB) cells through induction of homing adhesion molecules [31] . Comparative studies on HSC-support suggest that BMMSCs have higher hematopoietic supportive ability but WJMSCs support long-term hematopoiesis [31] . WJMSCs have also been shown to support islet cell survival and function in co-culture models before transplantable Islet cell clusters (ICC) levels are reached [34] . Further studies for understanding the physiological role of MSCs in various niches at different developmental stages are required to predict whether they can specifically support different stem cells.
TRI-LINEAGE DIFFERENTIATION POTENTIAL AND TRANS-DIFFERENTIATION TO ECTO-AND ENDODERM-DERIVED LINEAGES
WJMSCs exhibit the tri-lineage differentiation potential, which authenticates them as functional MSCs according to International Society for Cellular Therapy (ISCT) guidelines [35] . WJMSCs, like BMMSCs, share similar osteogenic differentiation pathways with respect to key osteogenic gene signatures. However, both in vivo and in vitro results indicate less mineralization [36, 37] . In a sub-cutaneous implantation model, ectopic bone formation was confirmed by von Kossa staining but osteogenesis and mineralization was weaker as compared to BMMSCs. However, bone fracture healing in vivo was equally potent with both WJMSCs and BMMSCs [37] . These contradictions could be because of differential efficacy of differentiation cocktails and compatibility of scaffolds with these two cell types.
Comparison of chondrogenic differentiation with BMMSCs and WJMSCs indicated higher production of collagen from the latter when differentiation was performed with microsphere based scaffolds or polyglycolic acid (PGA) scaffolds. Although the expression and synthesis of Collagen II and expression of pro-chondrogenic markers like Sox9, Runx2 was lower than BMMSCs in in vitro assays WJMSCs seem to be more compatible with tissue engineering principles in vivo for osteochondral regeneration [38] .
WJMSCs have been reported to have similar basic adipogenic gene signatures when exposed to similar inductive stimuli; but they required a longer time in inductive media to show robust oil droplet formation upon oil O red staining [39] . We, along with other groups, have reported that WJMSCs derived adipocytes have smaller oil droplets as compared to the evenly sized large oil storing vacuoles detected with BMMSC-derived adipocytes. However, the percentage of cells staining for oil O red was similar in both the cell types [14, 20] . It remains to be checked whether adipocytes derived from WJMSCs are terminally differentiated or are stuck at the pre-adipocyte stage.
Neural differentiation has been shown from UCMSCs but the efficiency of generation of neural cells varied in differentiation protocols using different chemical and developmental cues. Under identical in vitro induction conditions, an earlier generation of neurospheres was noted from UCMSCs as compared to BMMSCs [40, 41] . UCMSCs produce higher quantities of neurotrophic factors and growth factors for endothelial cells than BMMSCs, both constitutively and upon neuronal differentiation [12, 14, 18, [42] [43] [44] . In cerebral ischemia models, UCMSCs not only migrated to site of injury but also differentiation into glial, neuronal and a vascular endothelial cells was noted [45] . It is speculated that the recovery in brain injury models could be attributed to neuro-protective effects of UCMSCs and/or increased plasticity of endogenous stem cells along with enhanced vasculogenesis at the site of injury upon UCMSC transplantation. UCMSC transplantation could cause behavioral recovery in a hemi-Parkinson rat model by rescuing degenerating dopaminergic neurons and trophic factors were implicated in rescue [12, 46] . In fact, UCMSCs have been reported to be more potent in repairing photoreceptor damage and anatomically rescuing retinal damage than placental and adult bone marrow-derived MSCs [18] . . A comparative study of BMMSC and WJMSCs to pancreatic islet cell lineage, under identical induction conditions, reported the formation of larger beta-islet cell clusters and concomitantly a higher insulin production was detected in the WJMSC trans-differentiated cultures [50] .
Not only WJMSCs but even WJMSC-derived differentiated islet clusters and hepatocyte-like cells caused functional recovery in Streptozotocin (STZ)-induced diabetic rats and allo-transplantation in the liver respectively [48, 52] . In these studies, there was no rejection of transplanted cells even in the absence of immune-suppressants.
All these evidences point out that the WJMSCs can successfully differentiate into cell types of different lineages and cross lineage barriers on exposure to appropriate developmental / micro-environmental clues. It still needs to be definitively resolved whether, the trophic factors secreted cause majority of recovery, by facilitating survival of endogenous stem cells and degenerating tissue or the transplanted differentiated derivates functionally integrate into the host tissue and have a more proactive role in in vivo disease models. Most in vitro data also suggest the lack of attainment of full functional maturity of differentiated derivates even though a plethora of mature markers are expressed. It remains to be understood whether functional maturity is attained in the in vivo diseased niche.
IMMUNOGENICITY OF WJMSCs Expression of Immunologically-Relevant Ligands on BMMSCs and WJMSCs
Mesenchymal stem cells have been shown to be hypoimmunogenic owing to the lack of HLA-DR and lack of costimulatory ligands implicated in activation of both T and B cell responses. MHC-Class I molecules are expressed at low levels and this could be a mechanism to protect them from Natural killer cell (NK)-mediated lysis. Treatment with proinflammatory cytokines like Interferon γ (IFNγ ) results in the up-regulation of both HLA-Class I and HLA-DR but costimulatory molecules are not induced [20, 53] . This could result in sending only a partial signal to allo-reactive T cells resulting in an anergic state. BMMSCs failed to elicit an allogeneic response even after tri-lineage differentiation. MHC class II levels were not induced on the mesenchymal differentiated derivatives even after pretreatment of MSCs with IFNγ prior to differentiation [54] . Even though the overall expression of immune-stimulatory ligands on WJMSCs remains similar to that of BMMSCs their induction with pro-inflammatory cytokines might differ. We and others have reported that HLA-DR is induced substantially in BMMSCs with IFNγ treatment but in WJMSCs the induction is very negligible [20, 55] . It remains to be ascertained whether, at higher thresholds and duration of exposure to IFNγ, substantial induction of HLA-DR is achieved. In addition, no expression of co-stimulatory ligands -CD80, CD86 and B7-DC was observed on WJMSCs even after IFNγ treatment [20, 56] . In fact, like BMMSCs, WJMSCs express constitutively the negative co-stimulatory ligand, B7-H1, and the levels are majorly induced upon IFNγ stimulation [56] . There are no in vitro reports on whether differentiated derivatives from WJMSCs retain their immune-privilege.
Evidences on Acceptance of WJMSCs upon Allo-/Xenogeneic Transplantation
There are conflicting reports on the immunogenicity of BMMSCs in vitro as well as in vivo. BMMSCs seem to be recognized by allogeneic and xenogeneic lymphocytes and trigger substantial amount of IL-4 and IFNγ [55] . Mild proliferation of allogeneic lymphocytes was observed in cultures with BMMSCs [57] . In fact, allogeneic murine BMMSCs were rejected by MHC class I and class II mismatched recipient mice [58] . Even in instances where murine MSCs did not elicit an immune response in vivo immune suppression was provided and a lymphocytic infiltrate was observed at the site of transplantation [59] . Liechty et al., had shown that Xenografted human BMMSCs survive and differentiate upon in-utero transplantation in sheep utreus [60] . The survival of human BMMSC in this model could be attributed to the immune privilege status of the site of transplantation and the lack of a mature immune system to recognize the xenograft. Therefore, the universal immune privilege property of BMMSCs is still a debatable issue. ESCs and their derivatives upon transplantation not only generate teratomas, they also trigger robust immune responses under both allogeneic and xenogeneic transplant conditions [61, 62] . In contrast, Wharton jelly MSCs, both at early and late passages, do not elicit a proliferative response from either xenogeneic splenocytes or purified allogeneic responder T Cells in a one way immunogenicity reaction [7] . We have also observed mild lympho-proliferative responses to BMMSCs but none to WJMSCs upon co-culture with human peripheral blood mononuclear cells (PBMCs) [20] . WJMSCs, as well as their differentiated progenitors, did not elicit any immune response under xeno-transplant settings even in the absence of any immune suppression. Porcine UCMSCs not only survived but also expanded up to 4 weeks and generated TH + neurons which express pig specific neuronal markers in a rodent model of Parkinson's disease [63] . In addition there was no immune infiltrate observed at the site of transplantation. Similarly, human WJMSCS survived for 16 weeks post transplantation in a rat spinal cord injury model in immune competent rats in the absence of any immune suppressive drugs [46] . In a study where the immunogenicity of human BMMSCs and UCMSCs were compared in vivo in immuno-competent mice, BMMCs exhibited a quicker rejection response. However, in immune deficient SCID-beige mice, cell survival was prolonged and similar in both the mesenchymal stem cell types [55] . Interestingly, fetal liver derived MSCs also elicited mild lympho-proliferative responses at high dose ratios in comparison to adult MSCs [6] . All these in vitro and in vivo findings indicate that WJMSCs are less immunogenic than BMMSCs as well as fetal MSCs making them more amenable for allogeneic as well as xenogeneic transplantation.
IMMUNOMODULATORY PROPERTIES OF WJMSCs
Mesenchymal stem cells from bone marrow have been widely reported to attenuate mitogen driven as well as alloantigen or specific antigen driven T cell responses in a dose dependent manner in vitro [64] . MSCs have been to shown to equally inhibit CD4 + , CD8
+ , CD2 + and CD3 + subsets [65] . In a study, where the mitogen induced CD3 + T cell responses were assessed in the presence of different tissue-derived MSCs, WJMSCs exhibited a prominent suppression even at very low dose range as compared to BMMSCs [20, 66] . These differences in the immune modulatory properties could be due to the differences in the intrinsic tissue source rather than a simple donor to donor and experimental variation. In addition, WJMSCs suppress allogeneically-stimulated T cells to a greater extent than either BMMSCs or adipose tissue-derived MSCs (ADMSCs). In all these tissue-derived MSCs, irrespective of T cell stimuli, an expansion of CD4 + CD25 + Foxp3 + Treg lymphocytes was observed which resulted in an overall attenuation of T cell effector responses. Treg expansion and maintenance was observed in all MSC/ T-cell co-cultures irrespective of whether they are freshly purified or CD3 + recruited Treg cells. Similarly, when ESCs were cotransplanted with MSCs in an immuno-competent rat myocardial infraction model, the immune infiltrate constituted mainly Foxp3 positive Treg cells as compared to ESC alone transplanted rats. However, in this study, the exact role of immune suppressive mechanisms of MSCs in better disease recovery is not clearly dissected [67] . Fetal liver-derived MSCs suppress lympho-proliferative responses to mitogens but do not attenuate allo-proliferative responses [6] . This could be due to lack of immunological maturity till the third trimester. In this context, peri-natal MSCs, like that of WJMSCs, not only seem to attenuate lymphoproliferation more robustly than BMMSCs, but also the regulation is stimuli-independent unlike fetal MSCs. Allogeneic BMMSCs did not exhibit any suppression of PBMCs stimulated with recall antigens [57] . This is beneficial clinically for the host under MSC transplant setting, as MSCs will not meddle with the host immune responses. It remains to be studied whether WJMSCs differ from BMMSCs in their response to cell proliferation to recall antigens like Tetanus Toxoid.
BMMSCs have been shown to affect the maturation and activation of dendritic cell (DC) precursors [65] . WJMSCs, when cultured with CD14 + monocytes, inhibited their differentiation into mature DCs in a contact-dependent manner. WJMSC-co-cultured monocytes were shown to be locked in an immature DC phenotype and the up-regulation of co-stimulatory ligands was blocked in the co-cultures [56] . Thus, WJMSC might also indirectly affect T cell allogeneic responses though attenuation of DC functions. Though the immune-regulatory role of MSCs can be put to translational use to control erratic inflammatory responses caution should be exercised regarding the disease history of the patient. This is of particular relevance because BMMSCs have been shown to promote the tumorigenicity of B16 melanoma tumor cells. B16 melanomas are rejected by antitumor mechanisms in an immune-competent host however, co-transplantation with BMMSCs favored tumor growth [59] . The ability of MSCs to support tumorigenesis could be harmful when masked or benign tumor beds are latent in the host where MSC transplantation has to take place.
Mechanisms of Immune-Modulation by WJMSCs
BMMSCs have been shown to affect the differentiation, maturation and activation of purified immune populations like T cells, B cells, dendritic cells and NK cells [65, 68] . Studies with purified populations of immune cells and tracing their activation and effector functions closely in presence of WJMSCs are limited. We have tracked the proinflammatory cytokine secretion patterns kinetically in cocultures of WJMSC/BMMSC with PHA-activated lymphocytes. A change in the threshold and kinetics of IL-2 secretion was observed only with BMMSCs and not with WJMSCs. Additionally an early activation of negative costimulatory ligands like CTLA4 on peripheral blood lymphocytes was observed more evidently with WJMSCs co-cultures [20] . These results suggest that although both WJMSCs and BMMSCs cause suppression of mitogen induced lymphoproliferation the populations being suppressed might vary. Moreover, immune-suppression in BMMSCs has been reported to be unrestricted to major histo-compatibility complex (MHC) and occurs by both autologous and allogeneic sources [54] . However, contradictions exit. Addition of donor derived BMMSCs as compared to allogeneic BMMSCs enhanced immune response in a bone marrow allogeneic transplant setting and elicited a memory T cell response [69] . It is imperative to understand whether immune suppression is a transient state resulting due to anergy of immune cells, that can be rescued, or it causes permanent damage to immune homeostasis in a clinical transplantation setting.
Detailed studies have been performed with BMMSCs to check the role of contact dependent and contact independent mechanisms in mediating immune-suppression. Soluble factors secreted by MSCs have been implicated to have major role as the inhibition is stimuli independent in most cases [70] . However, contact dependent mechanisms cannot be ruled out, as the threshold of suppression is more upon contact with MSCs and occurs at a higher dose ratio. [74] . In addition, MSCs alter the maturation status of DCs and inhibit their localization into secondary lymphoid organs further trapping the naïve T cells in an unactivated state [74] . Since immune regulation in vivo cannot be examined in isolation, more studies tracking the homing of each immune population upon transplantation of WJMSCs need to be performed to check why WJMSCs escape immune surveillance in vivo.
Specialized immune tolerance mechanisms have been implicated at the maternal-fetal interface. These mechanisms depend on expression of HLA-G and expression of immune suppressive cytokines like Leukemia inhibitory factor (LIF) [75, 76] . WJMSCs, being isolated from a peri-natal source, could exhibit immune evasion mechanisms prevalent at the fetal maternal interface. In fact, WJMSCs express higher constitutive as well as IFNγ inducible levels of LIF than BMMSCs and the suppression of lymphoproliferation can be rescued by blocking LIF in co-cultures [77] . Similarly, we have reported higher levels of both constitutive and IFNγ inducible HGF in WJMSCs over BMMSCs [20] . Additionally, UCMSCs have been shown to constitutively express high levels of the immune-suppressive HLA-G isoform, HLA-G6 but not HLAG5 [7] . BMMSCs express HLAG5 isoform constitutively but its expression is not induced by IFNγ. HLA-G5 secretion has been directly implicated in induction of Treg phenotype and suppression of NK cell production of IFNγ in BMMSC co-cultures [78] . Fetus expresses high levels of HLA-G to inhibit maternal alloreactivity. However, the exact role of immune-suppressive HLA-G isoforms in influencing immune suppression needs to be evaluated in detail. It's possible that the HLA G-6 isoform has a specific role in WJMSC-mediated immune suppression.
Although the major secretary profiles of different tissue derived MSCs are similar, WJMSCs and cord blood MSCs only secrete IL-12, IL-15 and PDGF-AA. WJMSCs did not secrete VEGF in comparison to other adult MSC sources [79] . VEGF has been implicated in affecting DC maturation status. These cytokines affect the activation status of different immune populations. The precise meaning of these differences however, needs to be understood in WJMSC/ immune cell co-cultures. The putative mechanisms involved in impacting WJMSC immune regulatory roles are illustrated in Fig. (1) .
IMMUNE-MODULATION BY MSCS IS CONTEX-TUAL
Several discrepancies in the literature have been reported regarding the immune modulatory state of MSCs in vivo as compared to in vitro studies. Growing evidences in the field also indicate that immune-suppression by MSCs is not constitutive but is induced in specific cellular and environmental milieus (Fig. 2) . Immune modulatory state of MSCs in vivo remains a quasi-stable state which depends on the several factors which include: a) Activation state of T/B/DC/ NK cells at time of interaction with MSCs, b) The inflammatory environment persistent at the time of transplantation, c) The actual ratios of the interacting populations, d) the general immune status of the site at which MSCs are being transplanted, e) threshold of stimulus used to trigger the immune populations, f) the origin of MSC (murine or human or porcine), g) source of MSCs (tissue origin).
Role of Cell Dosage in Affecting Immune-Modulation
Most studies suggest that immune suppression by MSCs is effective enough to attenuate immune responses over a broad dose range. However, few studies also report that low doses of MSCs can actually enhance lymphocyte proliferation. At low concentration, MSCs seem to support T cell proliferation [66, 80] . This effect was observed irrespective of whether the T cells were derived from cord blood (CB) or adult peripheral blood (PB). At lower doses, a switch towards a CD45RO phenotype was observed pointing towards a probable generation of memory T cells. This study also indicates functional differences in interaction of MSCs with both T cell sources. CB T cells are phenotypically immature; expressing majorly CD45RA where as PB T cells express equal proportions of CD45RA and CD45RO forms. Populations exhibiting a CD45RA phenotype were less inhibited by MSC [66] . We have also observed differences in proportions of CD45RA and CD45RO populations generated in co-cultures of WJMSCs /BMMSCs and phytohaemagglutinin (PHA) stimulated T cell blasts in direct contact. Cocultures of low dose BMMSCs and IFNγ  stimulated BMMSCs elicited the generation of a transient CD45RO population. However, such an effect was not observed by both IFNγ treated and untreated WJMSCs. Therefore, it is possible that WJMSCs enrich for different T cell subsets during an activation response as compared to BMMSCs [20] . This could explain the mechanistic differences observed in BMMSC and WJMSC mediated immune suppression as discussed before. In addition, we have also observed mild proliferation in low dose WJMSC: PHA stimulated PBMC co-cultures. A similar effect was also observed with human amnion derived MSCs [81] . So it seems like the immune privilege status of the different tissue derived MSCs as well as the activation status of interacting T cell populations (naïve versus memory versus pre-activated phenotype) is important in modulating the MSC immune regulatory state. Since MSCs have been shown to have a veto-like power in affecting alloresponses it is possible that lower versus higher dose interactions convey different signal strengths/inputs to the responding T cells thus shifting the balance towards higher activation or suppression.
Role of Soluble Factors and an Inflammatory Microenvironment in Facilitating WJMSC-Mediated Immune-Suppressive Mechanisms
Many soluble factors have been implicated in MSC immune suppressive mechanisms; however, none of them seem to have a non-exclusive role. Abrogation of the immune suppressive factors in MSC-lymphocyte co-cultures leads to only a partial rescue of suppression. In fact, the activation status of the interacting lymphocyte and the general inflammatory state of the local milieu is more important. This has been definitively proved in IFNγ-receptor K/O and iNOS-/-murine MSCs where suppression was significantly diminished [73] . The immune suppressive state of MSCs has been shown to occur in a narrow window of IFNγ activation [82] . Several reports are in consensus regarding the definitive role of IDO and tryptophan depletion by MSCs in attenuation of T cell proliferation. IDO is not expressed constitutively in both BMMSCs and WJMSCs and is induced only upon exposure to pro-inflammatory cytokines like IFNγ and TNFα [20, 56, 79] . In fact, a substantial increase in Treg expansion was seen only in UCMSC-T cell co-cultures in presence of IFNγ in comparison to UCMSC-T cells alone. T cell suppression by WJMSCs was rescued by addition of an IDO inhibitor in this study, emphasizing the role of extraneously added IFNγ and IFNγ generated during an allogeneic response in priming the immunomodulatory mechanisms in WJMSCs [56] . Similarly, although expression of B7H1 was implicated as a potent inhibitor of allo-T cell responses in WJMSC-T cell co-cultures, the role of B7H1 was exaggerated in IFNγ treated WJMSC co-cultures. A higher rescue of T cell proliferation was observed in IFN γ co-cultures than untreated co-cultures by B7H1 blockage despite the fact that B7H1 was constitutively expressed in WJMSCs [56] . Our studies also suggest an enhanced suppression of MLRs by third party WJMSCs primed with IFNγ [20] . These studies are strengthened by observations in graft versus host disease (GVHD) models where IFNγ was shown to be absolutely critical for BMMSCs to ameliorate disease [83] . Cho et al., evaluated the immunogenicity of unactivated and IFNγ pre-activated porcine WJMSCs by both subcutaneous (highly immunogenic route) and intravenous injections across full MHC barriers. Single injection of unactivated WJMSCs did not trigger adaptive immunity. However, immunogenicity was induced when WJMSCs were pretreated by IFNγ or when unactivated MSCs were injected at an inflammatory site. Repeated injections of WJMCS at the same site also resulted in immunogenicity probably due to creation of repeated injury and inflammation at the same site or due to heightened memory responses during repeated injections [84] . Upregulation of HLA-DR could be one of the mechanisms for sensitization. To avoid immunogenicity and sensitization during repeated injections, different strategies like increasing the time between multiple injections, performing repeated transplantation at disparate sites and including concurrent immunosuppressive regimens has been tested in the porcine preclinical model. This study emphasizes on the use of immunosuppressive drugs during each injection to avoid a heightened immune response during repeated injections [85] . These results should also be extrapolated carefully for human WJMSCs from a clinical perspective as species specific differences in immune-modulation mechanisms exist [reviewed in 5] . For e.g., in contrast to murine BMMSCs, human BMMSCs lacking IFNγ receptor and IDO still retained immune modulatory properties. In addition, induction of iNOS was minimal in human BMMSClymphocyte co-cultures in contrast to murine BMMSCs.
Similarly, murine and human BMMSCs have been shown to exhibit differential responses to induction of immunesuppressive factors upon treatment with pro-inflammatory cytokines, IFNγ and TNFα [20, 86] .
Activation/Differentiation State of the Interacting Immune Cells and WJMSCs Influences Immune Outcome
In a graft versus host disease and a transplantation scenario across allogeneic and xenogeneic settings, the initial responders constitute the innate immune components like the NK cells, monocytes and dendritic cell populations which trigger the next phase of adaptive immunity.
The interactions of BMMSCs with NK cells seem to be reciprocal. The activation status of BMMSCs as well as the activation status of interacting NK cells influences the outcome of immune suppression. MSCs express NK receptors in an IFNγ inducible manner. BMMSCs inhibited IL-2 induced proliferation of resting NK cells but surprisingly both autologous and allogeneic MSCs were killed by activated NK cells. However, MSCs pre-activated by IFNγ escaped activated NK mediated killing due to induction of higher thresholds of HLA-E and NK inhibitory ligands [87, 88] . Fetal liver-derived MSCs (fMSCs) were rejected by IL-2 activated NK cells and the rejection response was stronger for fMSCs than adult MSCs in both allogeneic and autologous contexts. However, IFNγ stimulation of fMSCs rescued them from NK cell mediated killing similar to adult MSCs. Importantly, the expression of NK ligands differed in adult MSCs and fMSCs and both were killed by pre-activated NK cells through distinct pathways. Fetal MSCs were killed by a TNF-related apoptosis-inducing ligand (TRAIL) pathway whereas adult MSCs were susceptible to Fas-FasL mediated killing [89] . In a study where both autologous and allogeneic WJMSCs were used as feeders to expand NK cells in the presence and absence of NK growth factors, an enhanced proliferation of NK cell precursors was observed irrespective of the MHC matching. WJMSC feeders were rejected during the first week of culture itself in this study [90] . However, it is not clear whether a difference in kinetics of rejection is seen in growth factor supplemented NK cell cultures over NK cells alone. The role of a pre-activated inflammatory environment for WJMSC to escape NK mediated killing has to be evaluated analogous to BMMSCs. This is of importance because WJMSCs could be killed by NK cell through distinct mechanisms than what is utilized for BMMSCs and fMSCs. Interference with these specific mechanisms could result in a transplant acceptance for a longer time period. DC/monocyte lineage immune populations also play an important role as an initial defense mechanism against nonself antigens and priming with DCs is important to trigger cytotoxic T cell adaptive responses. WJMSCs inhibit DC maturation and activation irrespective of whether the contact happens at the CD14 + monocyte level or the CD14 -immature DC level suggesting that UCMSCs interfere with the functions of key antigen presenting cells (APCs) which might trigger a cytotoxic T cell response. Cell contact enhanced the efficiency of suppression implicating the role of both soluble immune suppressive factors as well as cell surface ligands for e.g., B7H1 in DC suppression [56] . The precise role of DC suppression by WJMSCs in an in vivo xeno / allotransplant setting has to be established.
In STZ immuno-competent mouse model of Diabetes mellitus pre-differentiated islet like clusters were shown to be more effective in ameliorating disease physiology over undifferentiated WJMSCs upon transplantation [48, 91] . In the model where WJMSC derived islet like clusters were injected into the liver, existence of fused cells staining for human nuclei was documented suggesting that immuneescape could be due to a fusion event [48] . In a Non-obese Diabetic (NOD) mouse model, retro-orbital injection of differentiated insulin producing cells from human WJMSCs rescued glucose homeostasis and a similar fusion event in the liver was reported [92] . When WJMSC derived islet like clusters were injected under the kidney capsule in STZ mice a reversal of hyperglycemia was observed but the actual survivability of WJMSCs or WJMSC derived islet clusters were not assessed [91] . Since an inflammatory and an autoimmune component in the STZ model has not been reported clearly further research should focus on role of WJMSC and WJMSC islet derivatives in a physiological auto-immune diabetes scenario. The inflammatory component of physiological diabetes can be mimicked by changing the STZ dosage [93] . Undifferentiated BMMSCs when injected in STZ diabetic model rescued the glucose homeostasis [reviewed in 2]. However, the experiments were performed in immune compromised mice for BMMSCs in contrast to WJMSCs. Thus, the survivability and efficacy of WJMSCs and WJMSC generated islets need to be further tested out in other autoimmune disease models.
In contrast to the diabetic model, hUCMSCs transplanted in immuno-competent hemi-Parkison rats survived and caused disease recovery where as neurospheres generated from UCMCS ameliorated disease but did not survive post transplantations [12, 41] . In both the studies recovery post injury was due to secretion of trophic factors and attenuation of microglial and astrocyte activation. So, the usage and transplant acceptance of UCMSCs or differentiated progenitors is also dependent on the disease context.
In addition, the immune-suppressive function of BMMSCs might be attenuated at higher passages. The immune modulatory potential of WJMSCs has not been tested beyond passage 10 to date. It is possible that continuous culturing results in expansion of subsets with distinct immune properties.
PERSPECTIVES FOR THE FUTURE
To summarize, WJMSCs have lucrative characteristics which make them promising candidates for regenerative cell therapy across MHC barriers. However, detailed studies need to be conducted to address the following issues before clinical extrapolation in humans. cytokines like IFNγ function in a species-specific manner and might prove inefficient at mouse-human interfaces resulting in transplant acceptance. It remains to be seen if results in preclinical models remain conserved when extrapolated to humans in the clinic.
e) During development of clinical protocols the immunogenicity of WJMSCs need to be assessed in context of site of injection, whether repeated injections are given at the same site or whether the disease results in a highly inflammatory environment.
f) The dosage and need of combining immunosuppressive regimens during WJMSC transplantation has to be evaluated specifically in situations where repeated injections are obligatory to achieve clinical benefit.
g) The efficacy of WJMSCs need to evaluated in different disease contexts; an autoimmune, chronic versus acute inflammation scenarios before putting it to translational use. A better understanding of the intrinsic characteristics of WJMSCs would help us decisively take a more confident step towards translational use of these cells as off the shelf therapeutics.
